BACKGROUND: Prenatal exposure to fine particulate matter air pollution with aerodynamic diameter ≤2:5 lm (PM 2:5 ) has been associated with preterm delivery and low birth weight (LBW), but few studies have examined possible effect modification by PM 2:5 oxidative potential. OBJECTIVES: The aim of this study was to evaluate if regional differences in the oxidative potential of PM 2:5 modify the relationship between PM 2:5 and adverse birth outcomes. METHODS: A retrospective cohort study was conducted using 196,171 singleton births that occurred in 31 cities in the province of Ontario, Canada, from 2006 to 2012. Daily air pollution data were collected from ground monitors, and city-level PM 2:5 oxidative potential was measured. We used random-effects meta-analysis to combine the estimates of effect from regression models across cities on preterm birth, term LBW, and term birth weight and used meta-regression to evaluate the modifying effect of PM 2:5 oxidative potential. RESULTS: An interquartile increase (2:6 lg=m 3 ) in first-trimester PM 2:5 was positively associated with term LBW among women in the highest quartile of glutathione (GSH)-related oxidative potential [odds ratio ðORÞ = 1:28; 95% confidence interval (CI): 1.10, 1.48], but not the lowest quartile (OR = 0:99; 95% CI: 0.87, 1.14; p-interaction = 0:03). PM 2:5 on the day of delivery also was associated with preterm birth among women in the highest quartile of GSH-related oxidative potential [hazard ratio ðHRÞ = 1:02; 95% CI: 1.01, 1.04], but not the lowest quartile [HR = 0:97; 95% CI: 0.95, 1.00; p-interaction = 0:04]. Between-city differences in ascorbate (AA)-related oxidative potential did not significantly modify associations with PM 2:5 . CONCLUSIONS: Between-city differences in GSH-related oxidative potential may modify the impact of PM 2:5 on the risk of term LBW and preterm birth. https://doi
Introduction
A large number of studies have suggested associations between ambient fine particulate matter with aerodynamic diameter ≤2:5 lm (PM 2:5 ) and adverse birth outcomes, with the strongest evidence for preterm delivery and term low birth weight (LBW) (Dadvand et al. 2013; Li et al. 2017; Shah et al. 2011; Stieb et al. 2012) . While the underlying mechanism(s) explaining the impact of maternal exposure to PM 2:5 on adverse birth outcomes have yet to be fully elucidated, evidence suggests that oxidative stress plays an important role in the health impacts of PM 2:5 during pregnancy (Kannan et al. 2006; Nagiah et al. 2015; Schlesinger et al. 2006) . Recently, it has been demonstrated that the oxidative potential of PM 2:5 may modify the cardiovascular and respiratory health effects of these pollutants (Weichenthal et al. 2016a (Weichenthal et al. , 2016b (Weichenthal et al. , 2016c ), but it is not clear if PM 2:5 oxidative potential may also modify the relationship between maternal exposure to PM 2:5 and adverse birth outcomes.
The antioxidants glutathione (GSH) and ascorbate (AA) are important in the body since they act as a first line of defense against inhaled pollutants (Kelly 2003) . During pregnancy, these antioxidants are of importance to protect both the mother and the developing fetus against undue cellular damage from free radicals (Nagiah et al. 2015) . In fact, pregnancy itself leads to a state of susceptibility to oxidative stress due to increased energy expenditure and altered physiological processes (Nagiah et al. 2015; Risom et al. 2005) . Recent evidence also suggests that pregnant women exposed to higher air pollutant levels display increased markers for oxidative stress and lower systemic antioxidant concentrations, including reduced GSH, compared to those exposed to low levels of ambient air pollution (Nagiah et al. 2015) .
Studies have shown that the oxidative potential of PM 2:5 varies both between (Künzli et al. 2005; Weichenthal et al. 2016a Weichenthal et al. , 2016b Weichenthal et al. , 2016c and within regions of the Netherlands, Belgium, and the United Kingdom (Godri et al. 2010; Janssen et al. 2014; Yang et al. 2015; Yanosky et al. 2012 ). Regional differences in the oxidative potential of PM 2:5 are attributable to compositional differences including transition metals, polycyclic aromatic hydrocarbons, and/ or quinones (Ayres et al. 2008; Godri et al. 2010; Janssen et al. 2014; Künzli et al. 2005) . A growing number of studies suggests that exposure to fine particulate matter with high oxidative potential is associated with respiratory and cardiovascular outcomes (Delfino et al. 2013; Maikawa et al. 2016; Weichenthal et al. 2016b Weichenthal et al. , 2016c Zhang et al. 2016) . Nevertheless, no studies to date have evaluated whether between-city differences in PM 2:5 oxidative potential modify the association between PM 2:5 and adverse birth outcomes. Although current evidence supports the use of PM 2:5 mass concentrations as the most appropriate indicator of PM 2:5 exposure, there are potential regional differences in particle composition and biological activity, with limited evidence to indicate the role of oxidative potential. In addition, current evidence supports the use of PM 2:5 mass concentrations as equally toxic despite potential differences in particle composition or biological activity. Our hypothesis is that for the same level of PM 2:5 mass concentrations, we expect that higher levels of PM 2:5 oxidative potential would be associated with a greater risk of preterm birth, greater risk of LBW, and greater decrease in term birth weight than lower levels of PM 2:5 oxidative potential.
In this study, we evaluated the impact of between-city differences in PM 2:5 oxidative potential on the relationship between PM 2:5 and the risk of adverse birth outcomes in the province of Ontario, Canada. To our knowledge, this is the first study to examine how between-city differences in PM 2:5 oxidative potential may modify associations between PM 2:5 and adverse birth outcomes at the population level.
Methods

Study Population
The study population included a retrospective cohort of pregnant women giving birth to live born, nonplanned C-sections, nonlabor-induced, singleton infants in 31 cities across Ontario, Canada, between 1 January 2006 and 31 March 2012. Birth data were obtained from the Better Outcomes Registry & Network (BORN) Ontario, a province-wide birth registry that captures maternal health, obstetric, intrapartum, and neonatal information in and around the perinatal period of pregnancy (Dunn et al. 2011 ). This birth registry captures hospital births and home births in the province of Ontario, Canada. Between 2006 and 2012, data capture for all births across the province of Ontario improved from an estimated 82% to about 100% of births. In fact, a quality assurance project conducted in 2008 showed that 96% of all births in Ontario were captured in the birth registry (Dunn et al. 2011) . Missing births were due to a small number of hospitals and midwifery practices, spread across the province, that were not participating in the birth registry in the early years.
Birth outcomes examined in this study and for which information was extracted from the birth registry included preterm birth (gestational age <37 wk) and term LBW (gestational age ≥37 wk and birth weight <2,500 g) (Kramer et al. 2001) . Gestational age was determined by first trimester ultrasound dating and the mother's last menstrual period. Only births with estimated conception dates ranging between 20 wk (i.e., shortest pregnancy) before the study started and 44 wk (i.e., longest pregnancy) before it ended were included in order to account for the fixed cohort bias (Strand et al. 2011) .
We limited study participants to those identified in BORN who, at the time of delivery, were living within 5 km of a ground monitoring site where PM 2:5 oxidative potential was measured (described below) (Weichenthal et al. 2016b (Weichenthal et al. , 2016c . This criterion was used to reduce potential exposure measurement error for PM 2:5 oxidative potential. Sites in the following cities were included in this study: Barrie, Belleville, Brantford, Chatham, Cornwall, Dorset, Guelph, Hamilton, Kingston, Kitchener, Mississauga, Morrisburg, North Bay, Oakville, Oshawa, Parry Sound, Petawawa, Peterborough, Port Stanley, Sarnia, Sault Ste. Marie, Simcoe, St. Catherine's, Sudbury, Thunder Bay, and Toronto. Each city had one monitoring site with the exception of Hamilton (two sites) and Toronto (five sites).
Birth data were linked with the Registered Persons Database, a registry of all Ontario residents currently or previously possessing a health insurance number, in order to identify each mother's residential six-digit postal code during pregnancy Lavigne et al. 2017 ). This information allowed us to identify mothers living within 5 km of a ground monitoring site and to subsequently link environmental exposures. The encrypted unique identifier (also referred to the IKN) was used to link health administrative data at the Institute for Clinical Evaluative Sciences in Ontario, Canada. Information on maternal residential location(s) based on residential postal code(s) was geocoded using the Postal Code Conversion File Plus (PCCF version 6A) program from Statistics Canada. In urban areas, the six-digit postal code typically represents one side of a city block or a large apartment complex, while it usually represents a larger area in rural areas. In this study, most postal codes were located in urban areas. Study participants with postal codes of residence outside Ontario (i.e., <1%) of all pregnancies and those that moved outside of the 5-km radius during pregnancy were excluded from the analysis. Subjects without a valid health card number for data linkage or missing date of birth and six-digit postal code value and/or exposure estimates were also excluded from the study. We excluded 11.1% of subjects (24,494 out of 220,665 eligible subjects) based on the exclusion criteria. Ethics approval for this study was granted by the Health Canada and the Public Health Agency of Canada's Research Ethics Board, the Children's Hospital of Eastern Ontario, and the Ottawa Health Science Network Research Ethics Board.
Exposure Assessment to Ambient Air Pollutants
Daily average concentrations of ambient PM 2:5 , NO 2 , and O 3 were collected from ground monitoring stations in Ontario, which are part of Canada's National Air Pollution Surveillance (NAPS) network. Daily mean temperature and relative humidity data were also collected from the closest Environment Canada weather station where the NAPS station was located. Data for PM 2:5 were available for the study period at each site (mean = 6:9 y; range: 5-7 y). All PM 2:5 data were collected using tapered element oscillating microbalance (TEOM), TEOM™, Series 1400ab monitors (Thermo Scientific) at the ground monitoring sites and were adjusted for potential bias during winter months (owing to the loss of volatile components) using data provided by Environment Canada. All participants residing within 5 km of a given monitoring site during pregnancy were assigned the daily environmental data corresponding to the different periods of their pregnancy (i.e., daily exposures in the last 4 wk before delivery, weekly exposures throughout pregnancy, each trimester and whole-pregnancy exposures), and levels were averaged over these specific periods for analyses investigating term LBW, term birth weight, and preterm birth as outcomes. Exposure periods were based on gestational age at birth and were defined as the following: first trimester was defined as day 1 to 90 of pregnancy, second trimester as day 91 to 180 of pregnancy, third trimester as day 181 of pregnancy to birth, and whole pregnancy as day 1 of pregnancy to birth.
City-Level Estimates of PM 2:5 Oxidative Potential
The laboratory methods used in this study are the same as those applied in recently published papers by our research team examining regional differences in PM 2:5 oxidative potential and longterm mortality risk as well as emergency room visits for myocardial infarction and respiratory diseases (Weichenthal et al. 2016a (Weichenthal et al. , 2016b (Weichenthal et al. , 2016c . Briefly, regional (i.e., city-level) PM 2:5 samples were collected between 2012 and 2013 from 31 sites in 26 cities across Ontario. Sites were located mainly in urban areas, although some rural sites were also included. City-level estimates of PM 2:5 oxidative potential were based on a mean duration of 103 sampling days (range: 12-311 d). These estimates were based on multiple filter samples per site (range: 1-7); oxidative potential values were estimated using a time-weighted average over the entire monitoring period at each site. The sampling period at each site depended on the number of filters available, the start date of sample collection, and how often TEOM filters were changed by station managers throughout the year, which is typically every 4 to 6 wk.
An in vitro assay based on a synthetic respiratory tract lining fluid was used to quantify GSH-(OP GSH ) and AA-related (OP AA ) oxidative potential as previously described (Godri et al. 2011; Weichenthal et al. 2016a) . Briefly, regional PM 2:5 filter extracts were incubated with a synthetic human respiratory tract lining fluid for 4 h at 37°C. This fluid was a 200-lM composite solution of physiologically relevant antioxidants including AA and GSH. In this study, the term "oxidative potential" (reflecting long-term city-level oxidative potential) is used to describe the ability of PM 2:5 filter extracts of given concentration (∼100 lg=mL) to deplete GSH and AA in the simulated respiratory tract lining fluid (units: % depletion=lg PM 2:5 ). The term "oxidative burden" is used to describe the product of PM 2:5 mass concentrations (lg=m 3 ) and estimates of city-level oxidative potential. While the oxidative burden measure rescales PM 2:5 mass concentrations according to oxidative potential, it can also be viewed as a different exposure measure in units of percentage depletion=m 3 as opposed to lg=m 3 .
Covariates
A number of potential confounders available from the birth registry were evaluated in this study. These confounders, as categorized in Table 1 , included maternal age at delivery, maternal cigarette smoking anytime during pregnancy, infant sex, parity, previous preterm delivery, previous caesarean section delivery, presence of maternal comorbidities (i.e., asthma, hypertension, preeclampsia, type 1 and 2 diabetes mellitus, gestational diabetes, and heart disease), month of birth, and year of birth. Maternal comorbidities were identified from health administrative databases based on validated algorithms ) for conditions being present prior to pregnancy (i.e., asthma, hypertension, type 1 and 2 diabetes mellitus, and heart disease) or that occurred during the gestational period (i.e., preeclampsia and gestational diabetes). We also evaluated gestational age, measured in weeks from conception to delivery, as a confounder in term LBW and term birth weight models. In order to evaluate confounding by socioeconomic status (SES), we abstracted three SES variables from the 2006 Canadian census at the dissemination-area (DA) level: median family income, proportion of population in the DA who are visible minority, and percentage of the adult female population aged 25-64 y who completed postsecondary education. All of Canada is divided into DAs, which are a small geographical unit composed of one or more neighboring dissemination blocks, with a population of 400 to 700 persons. These area-based variables have been shown to be reasonable measures of neighborhood-level SES (Subramanian et al. 2006 ). These area-based SES variables were assigned to study subjects based on their postal codes at the time of delivery or using a weighted SES based on time at each residence during pregnancy for those who moved during pregnancy. Median family income in the DA, proportion of population in the DA who are visible minority, and percentage of the adult female population aged 25-64 y who completed postsecondary education (i.e., collegiate degree or higher) were categorized in quartiles.
Statistical analysis
A two-stage approach was used for analysis. In the first stage, multivariate regression models were applied separately in each city to estimate the associations between exposure to PM 2:5 mass concentrations and PM 2:5 oxidative burden metrics during specific periods of pregnancy (i.e., daily exposures in the last 4 wk before delivery, weekly exposures throughout pregnancy, each trimester and whole-pregnancy exposures), and adverse birth outcomes. Specifically, we used logistic regression models when investigating term LBW and preterm birth as outcomes and linear regression models when using term birth weight (i.e., continuous measurement) as an outcome in relationship with chronic exposure periods (i.e., weekly exposures throughout pregnancy, each trimester and whole-pregnancy exposures) to air pollution estimates. Similar to a previous paper estimating the effect of air pollution during pregnancy on the risk of preterm delivery (Hao et al. 2016 ), a discrete time survival model with logistic link (Chang et al. 2012 ) was used to estimate associations between preterm delivery and exposure to PM 2:5 mass concentrations and PM 2:5 oxidative burden metrics during the third trimester and the total pregnancy. This was done in order to account for the varying lengths of the third trimester among the births (Chang et al. 2013) . In all analyses using logistic regression models, cityspecific odds ratios (ORs) with their 95% confidence intervals (CIs) were obtained to estimate the effect of exposure to PM 2:5 during pregnancy on the risk of term LBW and preterm delivery. City-specific beta coefficients were extracted when using linear regression models. We also used separate Cox proportional hazards models with gestational age (in days) as the time scale to estimate city-specific hazard ratios (HRs) and 95% CIs for preterm delivery in association with acute short-term exposures to air pollution (i.e., daily exposures in the week before delivery and the 4 wk before delivery). City-specific HRs with their 95% CIs were obtained to estimate the effect of short-term exposure to air pollution measures during pregnancy on the risk of preterm delivery. This approach has been previously used for acute exposures on the risk of preterm delivery when taking into account fetuses at risk (Darrow et al. 2009; Lavigne et al. 2016a; Strand et al. 2012 ). PM 2:5 oxidative burden metrics were generated for GSH (PM 2:5 × OP GSH ) and AA (PM 2:5 × OP AA ) by multiplying periodspecific ambient PM 2:5 mass concentrations (lg=m 3 ) by citylevel estimates of oxidative potential. These parameters reflect a reweighting of PM 2:5 mass concentrations according to city-level oxidative potential and were treated as separate exposure variables in the analysis. We report effect estimates and 95% CI for interquartile range (IQR) increases in PM 2:5 mass concentrations or PM 2:5 oxidative burden metrics.
In the second stage, we pooled city-specific estimates of PM 2:5 and birth outcomes associations using a multivariate meta-analytical model (Gasparrini et al. 2012; Gasparrini and Armstrong 2013) . Random-effects multivariate meta-regression models were used to test potential effect modification by betweensite differences in PM 2:5 oxidative potential (Borenstein et al. 2009 ). The outcome variables in the meta-regression models in this study were the pooled estimates (i.e., ORs, HRs, beta coefficients), and the explanatory variables (i.e., potential effect modifiers) were the oxidative potential measures at the site level. Effect modification was considered statistically significant if the effect modifier's p-values (i.e., meta-regression model p-values when using oxidative potential measures at the site level as a metapredictor) were <0:05. Tests for residual heterogeneity using Cochran Q test and I 2 statistic (Gasparrini et al. 2012; Higgins and Thompson 2002) were also conducted for each of the metaregression models.
We also generated concentration-response curves for PM 2:5 exposures during different time periods (overall and stratified by oxidative potential measures) using natural cubic splines with 3 degrees of freedom (df). In the current paper, we presented concentration-response curves for exposure periods and outcomes where a statistically significant association was observed. The remaining concentration-response curves were provided as supplemental material. Models were also evaluated with 2 or 4 df; however, the Akaike information criterion (AIC), a measure of model fit based on splines with 2 or 4 df, was always larger than the AIC for models with 3 df (data not shown). We also generated distributed lag curves to investigate the possibility of sensitive windows of exposure during the entire pregnancy (modeled using B-splines) and during the last 4 wk before delivery (modeled using natural cubic splines with 3 df).
Potential confounders were evaluated in the multivariable models using covariates previously mentioned using a backward deletion approach (Rothman et al. 2008 ). This was accomplished by adjusting for all potential confounders and then removing the covariate with the largest p-value one by one in a stepwise manner Table 1 . Selected characteristics of the study population, Ontario, Canada (2006 as long as the total proportional change in the estimate compared with the fully adjusted model was <10%. In all models, we used a missing data indicator approach, whereby missing values for covariates were categorized as "missing" or "unknown" so that all observations were retained in the models. Analyses were performed with the R software, (version 3.1.3; R Development Core Team), using packages dlnm, version 2.1.4, and mvmeta, version 0.4.5. A number of sensitivity analyses were conducted. First, we additionally adjusted models for NO 2 , O 3 , the combined oxidant capacity (O x ) of NO 2 , and O 3 calculated as their sum (Williams et al. 2014 ) as well as their redox-weighted oxidant capacity (O x wt ) calculated as a weighted average using redox potentials (Bratsch 1989) as the weights, i.e., O x wt = f½1:07 volts ðVÞ × NO 2 + ð2:075 V × O 3 Þg=3:145 V. The redox-weighted measure accounts for the fact that O 3 is a stronger oxidant than NO 2 . These air pollution metrics have been previously used by our research team when investigating impacts on cardiovascular and respiratory outcomes (Weichenthal et al. 2016b (Weichenthal et al. , 2016c . We also controlled for ambient temperature and humidity by including mean temperature and humidity for the gestational periods evaluated as covariates in the model. Lastly, we estimated associations with PM 2:5 on the different outcomes according to quartiles of regional oxidative potential.
Results
There were a total of 196,171 births during the study period, including 15,378 preterm births (7.8% of 196,171 births) and 4,023 (2.0% of 180,793 term births) term LBW cases (Table 1) . Birth outcomes under investigation were more prevalent across specific infant, maternal, and neighborhood characteristics. For instance, both preterm delivery and term LBW were more prevalent among pregnant women who delivered at <20 y of age, those that were nulliparous, those who smoked during pregnancy, among women with specific health problems (i.e., asthma, hypertension, preeclampsia, type 1 and 2 diabetes mellitus, gestational diabetes, and heart disease) and in the lowest quartiles of neighborhood median family income indicator. Both outcomes were also more prevalent in neighborhoods with a higher proportion of individuals of visible minorities. Average exposure to PM 2:5 mass concentrations over the entire pregnancy was 9:0 lg=m 3 with an IQR of 2:6 lg=m 3 ( Table 2 ). The IQR for PM 2:5 mass concentrations measured on a daily basis in the last 4 wk before delivery was 7:1 lg=m 3 . Average exposures and IQRs for PM 2:5 mass concentrations were similar across the different trimesters. Moderate correlations were observed between PM 2:5 exposures in different trimesters (r = 0:57-0:60) (Table S1 ). PM 2:5 mass concentrations were not correlated with city-level oxidative Table 2 . Summary of exposure to ambient air pollutants and weather variables among study participants in Ontario, Canada (2006 potential measures (r = − 0:05-0:17) (i.e., cities with higher PM 2:5 oxidative potential did not necessarily have higher mass concentrations). GSH-and AA-related oxidative potential measures were weakly correlated with each other (r = 0:03), and levels varied substantially between cities (Figures 1 and 2 ). PM 2:5 concentrations during the first trimester were positively associated with term LBW (OR = 1:08; 95% CI: 1.01, 1.15 for a 2:6-lg=m 3 IQR increase), while associations with both preterm birth and term LBW were close to the null or inverse (and not significant) for exposures during other time periods (Table 3) . The concentration-response curve for PM 2:5 during the first trimester and term LBW appeared to be linear above ∼7 lg=m 3 ( Figure 3 ). The association between term LBW and an IQR increase in GSH-related oxidative burden (PM 2:5 × OP GSH ) during the first trimester (OR = 1:31; 95% CI: 1.07, 1.61) was stronger than the corresponding association with an IQR increase in . Models represent pooled city-specific estimates derived using two-stage random-effects meta-analysis and logistic regression [term low birth weight (LBW) and ORs for preterm birth in association with chronic exposures], Cox proportional hazard models (HRs for preterm birth in association with IQR increases in exposure to PM 2:5 (7:1 lg=m 3 ) during the last 4 wk of pregnancy or on the day of delivery), or linear regression (term birth weight). Models were adjusted for maternal age at delivery, marital status, maternal cigarette smoking during pregnancy, infant sex, parity, previous caesarean section delivery, maternal comorbidities (i.e. asthma, hypertension, type 1 and 2 diabetes mellitus, preeclampsia, and gestational diabetes), year of birth, month of birth, census dissemination-area (DA) median family income, census DA proportion of population who are visible minority, and census DA proportion of the adult female population aged 25-64 y old who completed postsecondary education; gestational age was also included in term LBW and term birth weight models; mean temperature and mean relative humidity were also included in preterm birth acute exposure models. -, data not available; CI, confidence interval; HR, hazard ratio; OR, odds ratio; PM 2:5 , fine particulate matter air pollution with aerodynamic diameter ≤2:5 lm; PM 2:5 × OP AA , ascorbate-related oxidative burden; PM 2:5 × OP GSH , glutathione-related oxidative burden; b, beta coefficient.
PM 2:5 mass concentration (Table 3) . Associations of first trimester PM 2:5 and PM 2:5 × OP GSH with term LBW remained positive but were closer to the null after adjusting for NO 2 , O 3 , NO 2 , and O 3 and the antioxidant capacity and redox-weighted oxidant capacity of NO 2 and O 3 combined (Table S2 ). In general, associations of PM 2:5 and GSH-and AA-related oxidative burden metrics with term LBW, preterm birth, and term birth weight were not statistically significant for exposures during any time period (Tables S2-S7) .
When associations between IQR increases in PM 2:5 and the birth outcomes were stratified by quartiles of OP GSH (Table 4 ) and OP AA (Table S7) , there was little evidence of effect modification overall. However, associations between term LBW and PM 2:5 mass concentrations during the first trimester increased with increasing quartiles of OP GSH (p-interaction = 0:03), while associations with PM 2:5 during the entire pregnancy changed from inverse to positive with increasing of OP GSH (p-interaction = 0:01) ( Table 4 ). The concentration-response curves for the associations between PM 2:5 during the first trimester and term LBW below 25th percentile of OP GSH and above the 75th percentile of OP GSH supported this finding (Figure 4 ). In addition, associations between PM 2:5 on the day of delivery and preterm birth changed from inverse to positive with increasing OP GSH (HR = 1:02; 95% CI: 1.01, 1.05 for the highest quartile of OP GSH ; p-interaction = 0:04) (Table 4) . This finding was supported by concentration-response curves for associations between PM 2:5 during the week before delivery and preterm birth among those with OP GSH below the 25th percentile and above the 75th percentile ( Figure 5) Figure S5 and Table 4 , Figure S6 and Table S7 , respectively), and OP AA did not appear to modify the association between preterm and PM 2:5 during the week before delivery ( Figure S7 , p-value = 0:88).
Results from the analysis of effect modification by regional oxidative potential measures are also illustrated in Table S8 , with a comparison of statistics from the simple multivariate randomeffects meta-analysis (i.e., no meta-predictor) and multivariate random-effects meta-regressions with a single meta-predictor (i.e., OP GSH and OP AA ) each time. Tests for effect modification by regional oxidative potential OP GSH were statistically significant for exposures during the first trimester and the whole-pregnancy periods (p ≤ 0:021) when evaluating associations between PM 2:5 mass concentrations and term LBW. As well, regional oxidative potential OP GSH modified the association between exposure to PM 2:5 mass concentrations on the same day of delivery and risk of preterm birth. Cochran Q test results did not provide evidence for heterogeneity in models for term LBW, term birth weight, and acute exposures on preterm birth (p-value for Q tests ≥0:180). AA-related oxidative potential was not an effect modifier in models for term LBW and preterm birth. In sensitivity analyses, additional adjustment for temperature and humidity in birth weight models did not change estimates, and therefore, these variables were not included in models investigating these outcomes (Table S9) . Figure 3 . Concentration-response curve using natural cubic splines with 3 degrees of freedom for the association between exposure to fine particulate matter air pollution with aerodynamic diameter ≤2:5 lm (PM 2:5 ) during the first trimester and term low birth weight in Ontario, Canada (2006 . Solid line reflects point estimates, and dotted lines reflect 95% confidence intervals. Models were adjusted for maternal age at delivery, marital status, maternal cigarette smoking during pregnancy, infant sex, parity, previous caesarean section delivery, maternal comorbidities (i.e., asthma, hypertension, type 1 and 2 diabetes mellitus, preeclampsia, and gestational diabetes), year of birth, month of birth, census dissemination-area (DA) median family income, census DA proportion of population who are visible minority, census DA proportion of the adult female population aged 25-64 y old who completed postsecondary education, and gestational age.
Discussion
In this study, exposure to ambient PM 2:5 was positively associated with LBW among term births in Ontario during 2006-2012, consistent with previous studies (Dadvand et al. 2013; Li et al. 2017; Shah et al. 2011; Stieb et al. 2012 ). In addition, our findings suggest that between-city differences in the GSH-related oxidative potential of PM 2:5 may modify associations of ambient PM 2:5 with term LBW and preterm birth. To our knowledge, this is the first epidemiological study to examine how between-city differences in PM 2:5 oxidative potential may modify associations between exposure to ambient PM 2:5 mass concentrations during pregnancy and adverse birth outcomes. Prenatal exposure to ambient particulate air pollution has been previously associated with term LBW in many studies, while the evidence for an association with preterm birth is more inconsistent (Stieb et al. 2012) . For example, in a previous study in Ontario, we found that an IQR increase (2 lg=m 3 ) in PM 2:5 assigned through satellite measurements over the entire pregnancy was associated with a 4% (95% CI: 2.4, 5.6) increased odds of preterm birth, but not LBW , while in a national study, PM 2:5 was associated with reduced term birth weight but not preterm birth (Stieb et al. 2016) . While the exact mechanism(s) linking ambient air pollution and adverse birth outcomes has not been clearly elucidated, evidence suggests that oxidative stress may have an important influence (Duhig et al. 2016) . Effects of oxidative stress on enzymatic antioxidants may contribute to adverse birth outcomes such as infertility, miscarriage, preeclampsia, intrauterine growth restriction, and preterm delivery (Duhig et al. 2016; Poston and Raijmakers 2004) . In this study, an IQR increase in PM 2:5 GSH-related oxidative burden was more strongly associated with term LBW than an IQR increase in PM 2:5 mass concentration alone. This suggests that regional differences in GSH-related oxidative potential may play an important role in explaining between-city differences in the effects of exposure to ambient PM 2:5 during pregnancy on adverse birth outcomes.
During normal pregnancy, increased energy expenditure and altered physiological processes are associated with increased levels of oxidative stress (Nagiah et al. 2015; Risom et al. 2005) . However, several antioxidants will also increase in concentration during gestation in order to protect the mother and the fetus from free radicals. GSH is an important antioxidant for the developing fetus and the mother. In particular, GSH has an important role in detoxifying pollutants in the placenta before they reach the developing child (Mistry and Williams 2011) . Maternal serum and placental levels of GSH have been inversely associated with miscarriage, preterm labor, birth defects, and other pregnancy complications (Agarwal et al. 2012; Poston and Raijmakers 2004) . GSH concentrations were lower in peripheral lymphocytes collected during the third trimester from 50 pregnant women attending antenatal clinics in an industrialized area than in samples from 50 pregnant women attending clinics in a less industrialized area, which suggests that exposure to air pollution during pregnancy may increase oxidative stress (Nagiah et al. 2015) . Therefore, findings from our study are supported by the importance of the biological function of GSH during pregnancy.
We also observed that regional differences in GSH-related oxidative potential may modify the effect of exposure to ambient PM 2:5 on the same day of delivery on the risk of preterm birth. Previous studies have found associations between short-term exposure to ambient air pollution and risk of preterm delivery (Li et al. 2016; Zhao et al. 2011) . The potential mechanism could involve oxidative stress, which is reflected with the effect modification by OP GSH observed in this study. AA is also an important antioxidant in plasma during pregnancy, and reduced concentrations have been associated with Table 4 . Associations between exposure to PM 2:5 across quartiles of glutathione-related oxidative potential (OP GSH ) over different periods of exposure during pregnancy and birth outcomes in Ontario, Canada (2006 Note: Estimates of association are for IQR increases in exposure to PM 2:5 (2:6 lg=m 3 ). Models represent pooled city-specific estimates derived using two-stage random-effects metaanalysis and logistic regression [term low birth weight (LBW) and ORs for preterm birth in association with chronic exposures], Cox proportional hazard models (HRs for preterm birth in association with IQR increases in exposure to PM 2:5 (7:1 lg=m 3 ) during the last 4 wk of pregnancy or on the day of delivery), or linear regression (term birth weight). Models were adjusted for maternal age at delivery, marital status, maternal cigarette smoking during pregnancy, infant sex, parity, previous caesarean section delivery, maternal comorbidities (i.e. asthma, hypertension, type 1 and 2 diabetes mellitus, preeclampsia, and gestational diabetes), year of birth, month of birth, census dissemination-area (DA) median family income, census DA proportion of population who are visible minority, and census DA proportion of the adult female population aged 25-64 y old who completed postsecondary education; gestational age was also included in term LBW and term birth weight models; mean temperature and mean relative humidity were also included in preterm birth acute exposure models. Random-effects multivariate meta-regression models were used to test potential effect modification by between-city differences in OP GSH . The outcome variables in the meta-regression models in this study were the pooled estimates, and the explanatory variable (i.e. potential effect modifier) was the categorical variable of OP GSH at the city level. Effect modification was considered statistically significant if the effect modifier's p-value was less than 0.05. -, data not available; CI, confidence interval; HR, hazard ratio; OR, odds ratio; PM 2:5 , fine particulate matter air pollution with aerodynamic diameter ≤2:5 lm; PM 2:5 × OP AA , ascorbate-related oxidative burden; PM 2:5 × OP GSH , glutathione-related oxidative burden; b, beta coefficient.
adverse pregnancy outcomes (Mistry and Williams 2011) . However, between-city differences in AA-related oxidative potential did not modify the relationship between PM 2:5 and adverse birth outcomes investigated. Reasons for this are not entirely clear, but the low correlation between OP AA and OP GSH suggests that these metrics are capturing different sources. It could also be related to maternal dietary intake or supplementation of vitamin C that counteracts the oxidative stress associated with exposure to fine particulate matter. In fact, one study found that an adequate dietary intake of vitamin C during pregnancy attenuated levels of oxidative stress associated with exposure to ambient polycyclic aromatic hydrocarbons (Kim et al. 2011) . Alternatively, depletion of AA concentrations in the lung lining fluid following the inhalation Figure 4 . Concentration-response curves using natural cubic splines with 3 degrees of freedom for the association between exposure to fine particulate matter air pollution with aerodynamic diameter ≤2:5 lm (PM 2:5 ) during the first trimester and term low birth weight, stratified according to below 25th percentile of glutathione-related oxidative potential (OP GSH ) (solid line) and above the 75th percentile of OP GSH (dashed line) in Ontario, Canada (2006 . Dotted lines reflect 95% confidence intervals. Models were adjusted for maternal age at delivery, marital status, maternal cigarette smoking during pregnancy, infant sex, parity, previous caesarean section delivery, maternal comorbidities (i.e., asthma, hypertension, type 1 and 2 diabetes mellitus, preeclampsia, and gestational diabetes), year of birth, month of birth, census dissemination-area (DA) median family income, census DA proportion of population who are visible minority, census DA proportion of the adult female population aged 25-64 y old who completed postsecondary education, and gestational age. Days before delivery Hazard Ratio Figure 5 . Associations between daily fine particulate matter air pollution with aerodynamic diameter ≤2:5 lm (PM 2:5 ) levels (per interquartile range increase) over the last week of pregnancy and preterm birth, stratified according to below 25th percentile of glutathione-related oxidative potential (OP GSH ) (left) and above the 75th percentile of OP GSH (right) in Ontario, Canada (2006 . Solid lines reflect point estimates, and gray areas reflect 95% confidence intervals. Models were adjusted for maternal age at delivery, marital status, maternal cigarette smoking during pregnancy, infant sex, parity, previous caesarean section delivery, maternal comorbidities (i.e., asthma, hypertension, type 1 and 2 diabetes mellitus, preeclampsia, and gestational diabetes), year of birth, month of birth, census dissemination-area (DA) median family income, census DA proportion of population who are visible minority, and census DA proportion of the adult female population aged 25-64 y old who completed postsecondary education, mean temperature, and mean relative humidity.
of air pollutants may not translate into lower plasma AA concentration, which is a recognized marker for overall antioxidant capacity during pregnancy (Richter et al. 2012) . Future studies should aim to clarify this issue.
A number of limitations need to be acknowledged in this study. First, while we included several important confounding factors, we cannot rule out potential residual confounding by unmeasured individual risk factors such as maternal body mass index, alcohol consumption, ethnicity, income, and education. Secondly, the oxidative potential data were collected after the study period and assumed to have remained constant, which may increase the likelihood of exposure measurement error and may impact our assessment of between-city differences in PM 2:5 oxidative potential. Also, the fact that city-level oxidative potential data were based on a relatively short time period (∼100 d) likely also contributed to this uncertainty. Another limitation is related to the fact that city-level estimates of PM 2:5 oxidative potential were based on measurements collected from fixed-site monitors, and thus, our analyses do not account for spatial differences in PM 2:5 or in oxidative potential within cities, although we did restrict our analysis to mothers living within 5 km of monitoring sites, and PM 2:5 is generally homogenous over this spatial scale (Bari and Kindzierski 2017) . In fact, recent evidence suggests that spatial variations in PM 2:5 oxidative potential are greater than for PM 2:5 mass concentrations (Yang et al. 2015) . This may hinder direct comparisons in effect estimates per IQR increases in pollutant concentrations for PM 2:5 mass concentrations and PM 2:5 oxidative burden. We were also not able to account for temporal (i.e., day-to-day) changes in PM 2:5 oxidative potential, which may be particularly relevant for the investigation of preterm birth as an outcome. The loss of volatile components from TEOM filters likely underestimated estimates of city-level oxidative potential, in particular in regions with a higher proportion of volatile components in PM 2:5 ; this effect would more likely reduce rather than increase variability in PM 2:5 oxidative burden between sites. In fact, the losses of volatile and semivolatile species in the heated TEOM inlet and the impact of these species on PM OP were previously raised when oxidative potential (OP) measurements were conducted on TEOM filters by the King's College London group as part of study funded by the Health Effects Institute . It should be noted that similar to our study, the King's College London group also used the respiratory tract-lining fluid (RTLF) assay to measure PM OP. To address these concerns, the King's College London group measured the OP of filter samples collected using a TEOM and a filter dynamics measurement system (FDMS) that were operated in parallel. The FDMS microbalance uses a Nafion dryer, (Ion Power Inc.) to remove water from the inlet air stream. The FDMS alternates between two sampling modes every 6 min; air is first collected on a microbalance maintained at 30°C to determine a base concentration and then directed through a 47-mm filter held at 4°C prior to the microbalance to measure the purge concentration. OP was measured for FDMS filters used to measure the base and purge concentrations to explore the contribution of volatile and semivolatile species to the measured OP of PM. No differences were found between AA-or GSH-related OP measured across the 4°C (FDMS), 30°C (FDMS), and 50°C (TEOM) collected filters. This suggests volatile and semivolatile species do not strongly contribute to the PM OP measured using the RTLF assay. We acknowledge that the contribution of liable reactive oxygen species and other transient radicals to the measured OP is likely to be minimal in archived filter samples. We opportunistically measured oxidative potential using PM extracted from TEOM filters. These PM-loaded filters were stored at room temperature following removal from the TEOM. As the TEOM collected PM from a heated air stream (50°C), we rationalized that most volatile and semivolatile species would have already been lost. The remaining oxidative activity of PM constituents, primarily metals, would be stable over the storage period. It should be noted that PM samples were extracted and suspended to a mass concentration based on the mass measured pre-and postextraction. Moreover, the TEOM filter samples collected for this study were not analyzed for metal concentration, given the limited availability of PM material, which restricted this additional chemical analysis.
We have incorporated metals analysis in our expanded analysis of TEOM filters collected from locations across Canada. Also, it is plausible that the OP of PM 2:5 is sensitive to interactions with ambient NO x , O 3 , and PM collected on the filter over the sampling periods, but this issue was not investigated in this study. Future studies should capture both spatial and temporal differences in PM 2:5 oxidative potential and should capture the specific components and sources of fine particulate air pollution that are mostly associated with oxidative stress. Notable strengths of this study include the large sample size, the ability to estimate effects at comparatively low levels of exposure, and detailed city-level oxidative potential data over a broad geographic area.
Conclusions
In this multicity study in the most populated province of Canada, we found initial evidence that between-city differences in GSHrelated oxidative potential may modify the impact of PM 2:5 on the risk of term LBW and preterm birth. This finding may be helpful in prioritizing risk management activities aimed at reducing the public health impacts of particulate air pollution.
